Dynasore, a small-molecule inhibitor of the GTPase activity of dynamin, inhibits the entry of several viruses, including herpes simplex virus (HSV), but its impact on other steps in the viral life cycle has not been delineated. The current study was designed to test the hypothesis that dynamin is required for viral protein trafficking and thus has pleiotropic inhibitory effects on HSV infection. Dynasore inhibited HSV-1 and HSV-2 infection of human epithelial and neuronal cells, including primary genital tract cells and human fetal neurons and astrocytes. Similar results were obtained when cells were transfected with a plasmid expressing dominant negative dynamin. Kinetic studies demonstrated that dynasore reduced the number of viral capsids reaching the nuclear pore if added at the time of viral entry and that, when added as late as 8 h postentry, dynasore blocked the transport of newly synthesized viral proteins from the nucleus to the cytosol. Proximity ligation assays demonstrated that treatment with dynasore prevented the colocalization of VP5 and dynamin. This resulted in a reduction in the number of viral capsids isolated from sucrose gradients. Fewer capsids were observed by electron microscopy in dynasore-treated cells than in control-treated cells. There were also reductions in infectious progeny released into culture supernatants and in cell-to-cell spread. Together, these findings suggest that targeting dynamin-HSV interactions may provide a new strategy for HSV treatment and prevention.
H
erpes simplex viruses 1 and 2 (HSV-1 and HSV-2) are epidemic worldwide, and epidemiological studies consistently demonstrate that HSV-2 infection is associated with an increased risk of HIV acquisition and transmission, further fueling the HIV epidemic (1) (2) (3) . Acyclovir and related prodrugs, which inhibit viral DNA replication, are effective at treating HSV disease but do not eradicate the virus or prevent viral reactivation, and resistance has emerged as a clinical problem (1) . Suppressive dosing reduces clinical recurrences and subclinical viral shedding (4) but has had little impact on HIV transmission or acquisition in large-scale clinical trials (5) (6) (7) . These epidemiological findings underscore the need to identify additional biomedical strategies for HSV prevention and treatment.
The earliest pharmacological approach to HSV prevention focused on developing drugs to block viral entry. Several sulfated or sulfonated polymers, which competitively blocked the binding of HSV-1 and HSV-2 to cell surface heparan sulfate proteoglycans, were formulated as topical vaginal gels (8, 9) . However, clinical trials failed to demonstrate any protective benefit, possibly reflecting difficulties with adherence, low potency, particularly in the setting of semen, and unanticipated subclinical toxicities (10) (11) (12) .
Alternative approaches include the development of more-specific inhibitors of viral entry and/or the targeting of other steps in the viral life cycle. However, these approaches are difficult, because HSV entry and dissemination are complex. For example, both serotypes may enter via direct fusion of the viral envelope with the cellular plasma membrane or by various endocytic mechanisms; the entry pathway may depend on the relative expression of viral coreceptors and access to various signaling pathways on different cell types (13) (14) (15) . The mechanisms of viral assembly, egress, and cell-to-cell spread are also complex and not fully defined. Identification of molecules that contribute to more than one step in the viral life cycle and that are common for viral infection of multiple cell types may provide targets for the development of new preventative or therapeutic drugs.
Dynamin is such a candidate. Dynamin is a multidomain GTPase that controls multiple endocytic pathways and also plays a role in actin assembly and reorganization; thus, it may participate in viral entry, capsid formation, and transport (16) . Prior studies found that dynasore, a cell-permeant small-molecule inhibitor of the GTPase activities of dynamin 1 and dynamin 2, blocked HSV-1 entry into human and murine keratinocytes, but not into murine hippocampal cells (17) . No similar studies with human neuronal or primary genital tract cells or with HSV-2 have been reported. We hypothesize that dynamin may also participate in other trafficking steps in the viral life cycle and therefore that dynasore may inhibit HSV infection postentry. Thus, focusing on human neuronal and female genital tract cells, we evaluated the impact of dynasore, added at the time of entry or postentry, on HSV-1 and HSV-2.
MATERIALS AND METHODS

Cells and viruses. SK-N-SH cells (a human neuroblastoma cell line;
American Type Culture Collection [ATCC] HTB-11), CaSki cells (a human cervical epithelial cell line; ATCC CRM-CRL1550), and Vero cells (African green monkey kidney cells; ATCC CCL 81) were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum. Cortical human fetal tissue was obtained as part of an ongoing research protocol approved by the Albert Einstein College of Medicine. Neuronal cell and astrocyte cultures were prepared as described previously (18) (19) (20) . Primary genital tract cells were isolated from cervicovaginal lavage (CVL) cell pellets obtained from healthy women participating in studies of mucosal immunity after informed consent was obtained. The study was approved by the Albert Einstein College of Medicine IRB. The CVL fluid was subjected to low-speed centrifugation, and the cellular pellet was resuspended in serum-free medium, subjected to a second centrifugation step to remove mucus, and grown in keratinocyte medium (Life Technologies, Grand Island, NY). Vaginal epithelial cells (VK2/E6E7; ATCC CRL-2616) were also grown in keratinocyte medium.
HSV-2(G), HSV-1(KOS), HSV-2(333ZAG), expressing green fluorescent protein (GFP) under the control of a cytomegalovirus (CMV) promoter inserted into an intergenic region between UL3 and UL4 (a gift from P. Spear, Northwestern University), HSV-1(KVP26GFP), which contains a GFP-VP26 fusion protein (21) , and HSV-1(F-GS2822), which encodes red fluorescent protein fused to the N terminus of VP26 (22) , were prepared from infected Vero cell cultures, and viral stocks were stored at Ϫ80°C.
Reagents. Dynasore hydrate (catalog no. D7693; Sigma-Aldrich) and ML141 (catalog no. 4266; Tocris Bioscience) were reconstituted in dimethyl sulfoxide (DMSO) and serum-free medium (8 to 80 M dynasore and 10 or 100 M ML141; the final concentration of DMSO was 0.25% for 80 M dynasore and 100 M ML141). The control buffer was serum-free medium with 0.25% DMSO. Heparin (American Pharmaceutical Partners, Schaumburg, IL) was used at a final concentration of 100 g/ml and nonoxynol-9 (Sigma) at a final concentration of 0.01%.
Primary antibodies and dilutions for Western blotting, proximity ligation assays, or confocal imaging were as follows: a mouse anti-VP16 monoclonal antibody (MAb) (sc-7545; dilution, 1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), an anti-VP5 MAb (sc-56989; dilution, 1:200), an anti-gD MAb (sc-56988; dilution, 1:1,000), anti-glial fibrillary acidic protein (anti-GFAP) (antibody 3670; Cell Signaling, Danvers, MA), an anti-␤-actin MAb (A-5441; dilution, 1:5,000; Sigma-Aldrich), an antihistone H1 MAb (sc-8030; dilution, 1:250), an anti-golgin 97 MAb (sc-59820; dilution, 1:250), an anti-ICP0 MAb (sc-53070; dilution, 1:500), and a rabbit anti-dynamin antibody (sc-11362). The secondary antibodies for Western blotting were horseradish peroxidase-conjugated goat antimouse (catalog no. 170-5047; Bio-Rad) and goat anti-rabbit (catalog no. 170-5046; Bio-Rad) antibodies. The secondary antibodies for confocal microscopy were Alexa Fluor 488-, Alexa Fluor 555-, or Alexa Fluor 350-conjugated anti-mouse antibodies and Alexa Fluor 488-or Alexa Fluor 350-conjugated anti-rabbit antibodies (catalog no. A-11001, A-21422, A-11045, A-11008, and A-21068; Invitrogen Molecular Probes). All secondary antibodies were diluted 1:1,000.
Infectivity assays. For plaque assays, cells were first pretreated with drugs or a control buffer for 20 min at 37°C and then infected with HSV-1 or HSV-2 at the multiplicities of infection (MOI) indicated below. After 1 h of incubation at 37°C (referred to as the entry period), the cells were washed three times to remove unbound virus and drug and were overlaid with 0.5% methylcellulose. Plaques were counted 24 to 48 h later, after staining of the cells with Giemsa stain. In parallel studies, the cytotoxicities of the drugs were assessed using an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay. Because virus does not plaque well on primary neuronal cells, the primary fetal astrocytes or neurons were infected as described above except that the overlay was fresh medium; culture supernatants were collected 24 h postinfection (p.i.), and viral progeny were quantified by determining the titers of the supernatants on Vero cells. In other studies, dynasore or ML141 was added at different times postentry, and the effect on infection was monitored either by a plaque assay or by harvesting cell lysates, preparing nuclear or cytosolic extracts, and performing Western blotting for viral gene expression as described previously (15, 23, 24) . For examination of the purity of isolated cellular fractions, golgin 97 and histone H1 were included in the blots as markers of cytoplasmic and nuclear fractions, respectively.
To evaluate the impact of dynasore on other steps in the viral life cycle, single-step and multistep viral growth studies were performed. SK-N-SH cells were infected with HSV-2(G) (MOI, 5 PFU/cell) for 1 h at 37°C. Cells were first washed for 2 min with a low-pH citrate buffer (40 mM citric acid, 10 mM KCl, 135 mM NaCl [pH 3.0]) to inactivate extracellular virus, then washed three times with medium, and finally overlaid with 199V supplemented either with 0.25% DMSO or with dynasore (80 M). The culture supernatants were harvested 4 h, 8 h, and 16 h p.i. and were stored at Ϫ80°C. The culture supernatants were diluted 1:10 with serum-free medium (to dilute any residual dynasore to noninhibitory concentrations of 8 M) and were plated on Vero cells to measure infectious virus. For multistep growth assays, the cells were infected with HSV-2(G) at an MOI of 0.02 PFU/cell for 1 h; the inoculum was removed; and the cells were overlaid with fresh medium. Dynasore (or a control DMSO buffer) was added to the cultures 6 h p.i., and culture supernatants were harvested 14, 24, 36, or 48 h p.i., diluted 1:10 as described above, and assayed for infectious progeny by plating on Vero cells.
Binding and entry assays. Cells were first treated with dynasore or a control buffer for 20 min, then transferred to 4°C, and exposed to virus (MOI, 0.1 and 1 PFU/cell) for 4 h to allow binding. Unbound virus was removed by washing, and the cell-bound virus was analyzed by preparing Western blots of cell lysates and probing with anti-gD MAb 1103 (Virusys, Sykesville, MD) (25) . To examine the effects of dynasore on entry, cells were infected with virus (MOI, 1 PFU/cell) in the presence or absence of drug, and nuclear extracts were prepared 1 h p.i. and were analyzed by preparing Western blots for VP16, a tegument protein, as described previously (23) .
Alternatively, to monitor viral entry, cells were grown on glass coverslips in 12-well plates, synchronously infected with HSV-1(KVP26GFP) in the presence or absence of dynasore, and fixed with 4% paraformaldehyde (Electron Microscopy, Hatfield, PA) 1 h p.i. for confocal microscopy as described previously; nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI) (26) . In other experiments, dynasore or a control buffer was added 3 or 7 h p.i., and after an additional 1-h incubation, the cells were fixed with 4% paraformaldehyde and were stained for microtubules with an anti-␣-tubulin MAb (clone 236-1050; Life Technologies). Cells were visualized using a Zeiss Live DuoScan confocal microscope fitted with a 100ϫ (numerical aperture, 1.4) oil objective.
Transferrin assay. Cells were seeded at 500,000/well on glass coverslips in 12-well plates for 48 h. The medium was removed after 1 day, and the cells were incubated overnight in supplement-free medium to remove any residual transferrin. On the day of the experiment, the cells were pretreated with 500 l/well of 20 or 60 M dynasore or a control DMSO buffer for 15 min. The cells were prechilled on ice for another 15 min and were then exposed to 25 g/ml of Alexa 555-conjugated transferrin (Molecular Probes) for 1 h at 4°C. The cells were washed once with ice-cold phosphate-buffered saline (PBS) and were then shifted to 37°C for 30 min. Transferrin uptake was terminated by washing the cells three times with ice-cold PBS. The cells were stained with the lipophilic tracer DiO (dilu-tion, 1:200; Molecular Probes), washed three times with PBS, and fixed with 4% paraformaldehyde for 30 min at room temperature. The cells were then incubated overnight in a blocking solution containing 3% bovine serum albumin (BSA), and the nuclei were stained for 10 min with DAPI (1:2,000), washed, mounted on glass slides using ProLong Gold antifade reagent (Invitrogen), and visualized using a Zeiss Live DuoScan confocal microscope fitted with a 64ϫ (numerical aperture, 1.4) oil objective. Z-sections were captured in an optical slice of 0.44 m. Extendedfocus images were generated using Volocity confocal software (version 6.3; Improvision, Lexington, MA).
Coculture assay. Primary human neuronal cells were infected with HSV-1(KVP26GFP) (10 PFU/cell) for 1 h at 37°C; then unbound virus was washed off, and the cells were trypsinized and cocultured on a layer of untreated CaSki cells (ϳ90% confluence) on glass coverslips at ratios of ϳ1:4 and 1:10 (infected neuronal cells to uninfected CaSki cells) in a medium containing pooled human immunoglobulin G (IgG) (1990 medium; Sigma) (1990). At 5 h postinfection, dynasore (80 M in 0.25% DMSO) or a control medium (containing 0.25% DMSO) was added to these cocultures. At 18 h p.i., the cells were fixed with 4% paraformaldehyde and were stained first with a primary antibody against GFAP (antibody 3670; Cell Signaling, Danvers, MA) and then with an Alexa Fluor 647-conjugated secondary antibody (catalog no. A21463; Invitrogen) and DAPI for analysis by confocal microscopy. Images were obtained as Z-sections in an optical slice of 0.6 to 0.8 m, and maximal Z-projections were analyzed in order to compare viral spread.
Transfections. Cells were transfected with plasmids expressing dominant negative forms of dynamin 1 (K44Adnm1), dynamin 2 (K44Adnm2) (Addgene, Cambridge, MA), or Rac1 (pDN-RacT17N) (a
FIG 1 Dynasore inhibits HSV infection. (A) SK-N-SH (human neuroblastoma) cells were first incubated with dynasore (80 M)
, heparin (100 g/ml), or a control DMSO buffer and then infected with HSV-2(G) for 1 h. The cells were washed and were overlaid with fresh medium, and plaques were counted at 48 h. (B) Primary human astrocytes were infected with HSV-1(KOS) or HSV-2(G) (MOI, 5 PFU/cell) in the presence of dynasore, heparin, or a control DMSO buffer, and infectious progeny were quantified by plating serial dilutions of the supernatants on Vero cells. (C) Cells were treated with 80 M dynasore, 0.01% nonoxynol-9 (N-9) as a positive control, or 0.25% DMSO as a negative control for 48 h, and toxicity was assessed by an MTS assay. Results are presented as means ϩ standard errors of the means from three independent experiments, each conducted in duplicate; the asterisks indicate differences from the control as determined by an unpaired t test or analysis of variance (**, P Ͻ 0.01; ***, P Ͻ 0.001). (D) SK-N-SH cells were first treated with 10 or 100 M ML141 or with a 0.25% DMSO control buffer and then infected with HSV-2(G), and plaques were counted after 48 h of incubation. Alternatively, the cells were transfected with a plasmid expressing the dominant negative form of Rac 1 (DN-RacT17N) or a control GFP-expressing plasmid (pmaxGFP) and were infected with HSV-2(G) 24 h later, and plaques were quantified 48 h p.i. Results are presented as means ϩ standard errors of the means from two experiments conducted in duplicate.
gift from Jonathan Backer, Department of Pharmacology, Albert Einstein College of Medicine) or with a control GFP-expressing plasmid (pmaxGFP) by using Effectene transfection reagent (Qiagen, Germantown, MD).
Electron microscopy (EM) imaging. SK-N-SH cells were grown in 60-mm dishes and were infected with HSV-2(G) at an MOI of 5 PFU/cell for 1 h at 37°C. Unbound virus was removed by washing, and the cells were overlaid with a control medium containing 0.25% DMSO or a medium containing 80 M dynasore. At 16 h p.i., the cell monolayers were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, postfixed with 1% osmium tetroxide followed by 2% uranyl acetate, and dehydrated through a graded ethanol series; then the cells were lifted from the monolayer with propylene oxide and were embedded as a loose pellet in LX-112 resin (Ladd Research Industries, Burlington, VT) in Eppendorf tubes. Ultrathin sections were cut on a Reichert Ultracut UCT instrument, stained with uranyl acetate followed by lead citrate, and viewed on a JEOL 1200EX transmission electron microscope at 80 kV.
Capsid purification. SK-N-SH cells were infected at an MOI of 10 PFU/cell, and 6 h p.i., dynasore or 0.25% of DMSO in serum-free medium was added. The cells were harvested 16 h p.i., subjected to low-speed centrifugation for 10 min, and washed once in Dulbecco's phosphatebuffered saline (catalog no. 21-031-CV; Corning cellgro; Mediatech, Manassas, VA). The cell pellet was resuspended in an equal volume of 2ϫ lysis buffer containing 1 M NaCl, 20 mM Tris (pH 7.6), 2 mM EDTA, 2% Triton X-100, and one complete protease inhibitor cocktail tablet (Boehringer Mannheim) per 25 ml of lysis buffer. Cells were lysed by freezethawing, and cytoplasmic and nuclear fractions were separated by centrifugation at 3,000 rpm for 15 min. The nuclear pellet was dissolved in lysis buffer and was purified of cytoplasmic contamination by centrifugation through a 30% (wt/vol) sucrose cushion. Capsids from cytoplasmic and nuclear fractions were purified by two centrifugation steps. In the first step, capsids were centrifuged through a 35% (wt/vol) sucrose cushion prepared in a buffer containing 500 mM NaCl, 20 mM Tris (pH 7.6), and 1 mM EDTA (TNE). The capsid pellet was then resuspended in TNE, and capsids were purified on 20-to 50% (wt/vol) sucrose gradients centrifuged at 24,000 rpm for 60 min. Capsids were visualized as light-scattering bands and were collected by aspiration into a syringe. Capsids were analyzed by SDS-PAGE and silver staining.
Proximity ligation assay. SK-N-SH cells (ϳ10 5 /well) were seeded on microscope glass cover slides in a 24-well plate (Fisher Scientific) and were either infected with purified viruses (MOI, 5 to 10 PFU/cell) or mock infected for the times indicated in the legend to Fig. 7 at 37°C . Dynasore was added 7 h p.i., and 1 h later, the cells were fixed with cold 4% paraformaldehyde. A blocking solution from a Duolink In Situ kit was used to prevent nonspecific interactions. Cells were incubated with rabbit antidynamin and mouse anti-VP5 diluted 1:100 in 3% BSA in PBS for 1 h at room temperature. Proximity ligation assays were performed with the anti-mouse Minus and anti-rabbit Plus Duolink In Situ PLA probes (catalog no. DUO92004 and DUO092002, respectively; Sigma-Aldrich) according to the manufacturer's protocol. Fluorescence signals were detected using a Zeiss Live DuoScan confocal microscope fitted with a 64ϫ (numerical aperture, 1.4) oil objective. Z-sections were captured in an optical slice of 0.44 m. Extended-focus images were generated using Volocity confocal software (version 5; Improvision, Lexington, MA).
Statistical analysis. All experiments were conducted at least in duplicate, and at least two independent experiments were performed. GraphPad Prism (version 6; GraphPad Software) was used for statistical analysis of results using Student's t test. Differences were considered significant at a P value of Ͻ0.05.
RESULTS
Dynamin inhibitors block HSV infection.
SK-N-SH (human neuroblastoma) cells were first incubated with dynasore, heparin (an inhibitor of HSV binding [27] ), or a control buffer (0.25% DMSO) and then infected with HSV-2(G) for 1 h. The cells were washed and were overlaid with fresh medium, and plaques were counted at 48 h. Dynasore and heparin significantly reduced the number of viral plaques formed by 80 to 90% (Fig. 1A) . To further explore the impact of dynasore on HSV infection of neuronal cells, experiments were performed using primary human glial cells. Because virus does not plaque well on these cells, culture supernatants of cells infected with HSV-1(KOS) or HSV-2(G) at an MOI of 5 were harvested 24 h p.i., and infectious progeny were quantified by plating serial dilutions of the supernatants on Vero cells. Both dynasore and heparin significantly reduced the number of viral progeny from that for controls (Fig. 1B) . The concentration of dynasore used (80 M) was based on prior studies (28-30) and was not cytotoxic by an MTS assay; nonoxynol-9 was included in the MTS assay as a positive toxicity control (Fig. 1C) .
To determine the specificity of the effects of dynamin compared to other GTPase proteins on HSV infection, SK-N-SH cells were either treated with ML141, an allosteric inhibitor of Cdc42 GTPase, or transfected 24 h prior to infection with a plasmid expressing the dominant negative form of Rac1 (pDN-RacT17N) or a control plasmid, pmaxGFP. Based on microscopy, the transfection efficiency was 40 to 45% for both plasmids (not shown). Neither treatment with ML141 nor transfection with the dominant negative form of Rac1 had any impact on HSV infection (Fig. 1D) .
To further assess the impact of dynasore on HSV infection, SK-N-SH cells were transfected with a plasmid expressing the dominant negative form of dynamin 1 (K44Adnm1) or dynamin 2 (K44Adnm2) or with a control GFP-expressing plasmid (pmaxGFP), and 24 h later, the cells were infected with HSV-1(F-GS2822) (MOI, 10), which encodes the red fluorescent protein fused to the N terminus of VP26. Cells were fixed and stained 16 h p.i., and 5 independent fields (total of 100 cells) were counted. There was no difference in transfection efficiency; ϳ50% of the cells stained green in each field ( Fig. 2A and B) . Infected cells (red marker labeling VP26) were detected in both nontransfected and transfected (green; merge, yellow) cells in the pmaxGFP cultures but were observed almost exclusively in nontransfected cells in the K44Adnm1 or K44Adnm2 cultures. Together, these observations indicate that dynamin plays a role in HSV infection but do not delineate which steps in the viral life cycle are impeded.
Dynasore blocks HSV-1 and HSV-2 entry and nuclear transport in human neuronal cells. To determine whether the inhibi-
FIG 3 Dynasore blocks HSV-1 and HSV-2 entry into human neuronal cells. (A) SK-N-SH cells were pretreated with dynasore, heparin, or a control buffer and
were then exposed to the virus at 37°C for 1 h. Western blots of nuclear extracts were probed with antibodies to VP16, a viral tegument protein that is transported to the nucleus within the first hour of viral entry, and ␤-actin (as a control). (B) SK-N-SH cells were pretreated with the drugs for 1 h at 37°C, then cooled to 4°C, a temperature permissive for viral binding but not entry, and finally exposed to HSV-2 at an MOI of 0.1 or 1 PFU/cell for 4 h. The cells were then washed, and cell lysates were prepared and were analyzed for the presence of bound viral particles by immunoblotting for the viral envelope glycoprotein D (gD). (C) Dynasore-or control buffer-treated SK-N-SH or primary fetal neuronal cells were synchronously infected with HSV-1(KVP26GFP) and were then fixed and stained with DAPI (blue). Confocal images were obtained 1 h after incubation at 37°C. Images of representative cells are shown. (D) GFP-positive nuclei were counted in five independent fields (100 cells), and percentages are shown. Asterisks indicate P values of Ͻ0.01 (by t test). (E) SK-N-SH cells were infected with HSV-1(KVP26GFP) and, after 1 h, were washed with a low-pH citrate buffer to inactivate extracellular virus. Then dynasore or a control buffer was added for an additional 1 h of incubation. Cells were then fixed and stained with DAPI (blue), and extended-focus confocal images were obtained. Two representative fields are shown for each condition. (F) Vaginal epithelial cells (VK2/E6/E7) were pretreated with 60 M dynasore or a control buffer and were subsequently exposed to Alexa Fluor 555-conjugated transferrin (red) or a buffer (no transferrin) as described in Materials and Methods. Representative extended-focus images are shown. The plasma membranes were stained green with the lipophilic tracer DiO; cells were fixed; and nuclei were stained blue with DAPI. Images and blots are representative of at least two independent experiments. tory effect observed reflected a block in entry, SK-N-SH cells were pretreated with dynasore, heparin, or a control buffer and were then exposed to virus at 37°C for 1 h. Dynasore reduced the level of HSV-2 entry as assessed by Western blotting of nuclear extracts for VP16, a viral tegument protein that is transported to the nucleus within the first hour of viral entry (Fig. 3A) . To determine if viral binding was impacted, the cells were pretreated with the drugs for 1 h at 37°C, followed by cooling to 4°C, a temperature permissive for viral binding but not entry, and were exposed to HSV-2 at an MOI of 0.1 or 1 PFU/cell for 4 h. The cells were then washed, and cell lysates were prepared and analyzed for the presence of bound viral particles by immunoblotting for the viral envelope glycoprotein D (gD). Heparin, but not dynasore, inhibited viral binding (Fig. 3B) .
Inhibition of viral entry was also observed when SK-N-SH or primary fetal neuronal cells were treated with dynasore and synchronously infected with HSV-1(KVP26GFP); confocal images were obtained 1 h after the temperature shift to 37°C. Viral capsids (VP26) (green) colocalized with nuclei were readily detected in control cells but not in dynasore-treated cells (Fig. 3C) . The numbers of GFP ϩ nuclei were significantly reduced in dynasoretreated cells (P Ͻ 0.01); five independent fields (total of 100 cells) were counted (Fig. 3D) . In contrast, if the addition of dynasore was delayed, and the drug was added immediately following treatment with a low-pH citrate buffer after the 1-h entry period, there was no difference in the number of intracellular capsids detected by microscopy 1 h later (Fig. 3E) . Dynasore blocked transferrin uptake in all of the cell types; representative extended-focus confocal images of transferrin uptake in vaginal epithelial cells (VK2/ E6E7) are shown on Fig. 3F . Together, these findings indicate that dynasore inhibits HSV-1 and HSV-2 infection at least in part by impeding entry as defined by the nuclear transport of tegument proteins and capsids in the first hour following exposure to the virus.
Dynasore also inhibits HSV infection postentry. To assess whether dynasore also acted postentry, the time of addition of the drug was varied, and the effects on human neuronal and nonneuronal cells were explored. SK-N-SH cells, human cervical epithelial (CaSki) cells, or primary human female genital tract cells isolated from cervicovaginal lavage fluid were infected with HSV-2 for 1 h at 37°C, washed, and overlaid with fresh medium. Dynasore was added either during the 1-h entry period, followed by washing of the cells, or 1, 4, or 6 h postentry. Plaques were counted 24 h (for SK-N-SH cells) or 48 h (for CaSki and primary genital tract cells) p.i. Dynasore significantly reduced viral plaque formation when added at the time of entry but was highly potent when added 1, 4, or 6 h postentry (Fig. 4A) . In contrast, ML141 had no impact on viral plaque formation when added postentry or maintained throughout the experiment (Fig. 4B) .
To further differentiate the effects of dynasore on viral entry or postentry events, additional kinetic studies were conducted with increasing doses of dynasore. Primary fetal neuronal cells were infected with HSV-2(333ZAG) (MOI, 0.5 PFU/cell), which expresses GFP under the control of a CMV promoter. After 1 h of incubation, the cells were treated with a citrate buffer to inactivate any virus that had not yet penetrated them, washed, and overlaid with fresh medium. Dynasore or a 0.25% DMSO control buffer was added either at the time of infection, immediately after citrate treatment, 4 h after citrate treatment, or both at the time of infection and post-citrate treatment (throughout). Live cells were imaged by fluorescence microscopy 48 h postinfection (Fig. 5A) . Concentrations of 60 or 80 M dynasore almost completely blocked viral infection when added postentry, whereas 8 M had no inhibitory effect. If the drug was added only at the time of entry, partial inhibition was observed, which was statistically significant only at 80 M (Fig. 5B) . These findings further support a potent postentry effect of dynasore.
Dynasore prevents the transport of viral proteins from the nucleus to the cytoplasm. The postentry effects of dynasore suggest that dynamin may be involved in the trafficking of viral components needed for capsid and viral particle assembly. To explore this possibility, cells were infected with HSV-2(G) (MOI, 1 PFU/ cell), and a control buffer or dynasore was added 0, 4, and 8 h p.i.
Nuclear and cytoplasmic extracts were prepared 24 h p.i. and were probed for VP5 and ICP0. Reductions in VP5 and ICP0 levels were detected in the cytoplasm and nucleus when dynasore was added at the time of viral entry (0 h p.i.) (Fig. 6A ), in agreement with the effects of dynasore on entry (Fig. 3, 4, and 5) . However, when dynasore was added 4 or 8 h p.i., the viral proteins were retained almost exclusively in the nuclear fraction (identified by probing with anti-histone-associated protein 1 [anti-H1]), not in the cytoplasm (identified by probing with anti-golgin), indicating that dynasore prevents the accumulation of VP5 and ICP0 in the cytoplasm (Fig. 6A) . Similar results were obtained when blots were probed for ICP4 or VP16; these proteins also were retained almost exclusively in the nuclear fraction (not shown).
The notion that viral proteins were trapped in the nucleus was also suggested by confocal microscopy studies using the HSV-1 strain containing a VP26-GFP fusion protein. Dynasore was added 3 h or 7 h p.i. One hour later, the cells were fixed and were stained for microtubules (red) and nuclei (blue). There was little or no difference between confocal images for control and dynasore-treated cells when dynasore was added 3 h p.i. and imaged 1 h later (4 h p.i.); the majority of VP26-GFP was detected in asso- ciation with microtubules (Fig. 6B) . In contrast, when dynasore was added at 7 h and images were obtained 1 h later, VP26-GFP appeared to be trapped in the nucleus, whereas in control cells, VP26-GFP was readily detected both inside and outside the nucleus (Fig. 6C) . The notion that dynasore interferes with the transport of viral proteins out of the nucleus was further substantiated by a proximity ligation assay with antibodies to dynamin and VP5. Dynasore was again added 7 h p.i., and cells were stained 1 h later. Colocalization of dynamin and VP5 (red) was observed in both control and dynasore-treated cells 1 h after the addition of dynasore (8 h p.i.); however, VP5-dynasore colocalization was confined primarily to the nucleus (stained blue with DAPI; merge, purple) in dynasore-treated cells but was readily detected outside the nucleus in control cells (Fig. 7) .
Viral capsids are restricted to the nucleus in dynasoretreated cells. To evaluate whether dynasore prevents capsid transport, electron microscopy studies were also performed. SK-N-SH cells were infected with virus; dynasore (or a control buffer) was added 1 h p.i.; and images were obtained 16 to 18 h p.i. Viral capsids were easily detected in the cytoplasm and intercellular spaces in control cells (Fig. 8A and B) but were observed only infrequently in dynasore-treated cells, where they were restricted to the nucleus (Fig. 8C and D) . In addition, when dynasore was added 6 h p.i., and capsids were purified from cytoplasmic and nuclear fractions 18 h p.i. and were analyzed by Western blotting, VP5 was readily detected in the nuclear fractions of both control and dynasore-treated cells, but VP5 levels were markedly reduced in capsids isolated from the cytoplasm (Fig. 8E and F) . No difference in total VP5 levels between unfractionated dynasore-or control buffer-treated lysates was detected by Western blotting (Fig. 8G) .
Dynasore prevents cell-to-cell spread. The observations that dynasore inhibits capsid and capsid protein transport to the nucleus at early time points and transport out of the nucleus at later times p.i. indicate that it should also block cell-to-cell spread of the virus. To address this, additional studies were performed focusing on the spread of the virus from primary human neuronal cells to epithelial cells. Primary fetal neuronal cells (donors) were infected with a GFP-capsid-labeled virus for 1 h, washed, and then cocultured at a ratio of 1:4 or 1:10 with CaSki cells (receivers) in the presence of human antiserum. Dynasore or a control buffer was added to the medium 5 h after coculturing. The cells were fixed 18 were infected with HSV-2(G), and dynasore or a control buffer was added 7 h p.i. Cells were fixed 1 h later, probed with monoclonal mouse antibodies to the major capsid protein, VP5, and with a rabbit antiserum to dynamin, and assessed by a proximity ligation assay. Representative fields (magnification, ϫ64) from two independent experiments are shown. h p.i, stained with a neuronal cell marker (GFAP) (red) and with DAPI (nuclei) (blue), and imaged by confocal microscopy. Virus was restricted to the neuronal cells (red) in dynasore-treated cultures but was detected primarily in nonneuronal cells in the control plates. Dynasore reduced the number of GFP-positive receivers (CaSki cells) per donor (neuronal cell) from 4.36 Ϯ 1.52 in control buffer-treated cultures to 0.31 Ϯ 0.31 in dynasore-treated cultures (200 cells were counted in two independent experiments) (Fig. 9A) . Moreover, single and multistep growth studies also indicated that the addition of dynasore postentry prevented viral dissemination; results for SK-N-SH cells are shown ( Fig. 9B and  C) , and similar results were obtained with primary genital tract cells.
DISCUSSION
In agreement with prior studies with HSV-1 and other viruses, including Chikungunya virus (31), Japanese encephalitis virus (32), reoviruses (33), Ebola virus (34) , and HIV (with HaCaT cells but not primary CD4 T cells) (29, 35, 36) , dynasore inhibited the entry of HSV-1 and HSV-2 into human neuronal (SK-N-SH and fetal primary) and genital tract (CaSki and primary) cells. Entry was defined here as the successful transport of tegument (VP16) or capsid (VP26-GFP) proteins to the nuclear pore; thus, the inhibitory activity may reflect interference with one of several entry mechanisms, such as endocytosis or macropinocytosis and/or a block in capsid transport along the microtubular network. Dynasore was previously shown to inhibit HSV-1 entry into HaCaT cells and primary keratinocytes, but not into murine hippocampal neurons (17) . However, we found that dynasore reduced entry into human neuroblastoma (SK-N-SH) cells and reduced viral yields when added during the first hour of infection of primary human fetal neuronal cells (Fig. 1B) . Another recent study found that dynasore also decreased the expression of HSV-1 immediate early genes in Vero (monkey kidney epithelial), HeLa (human epithelial), HEp-2 (human epithelial), and PtK 2 (rat kangaroo epithelial kidney) cells (37) . However, transfection of the cells with a dominant negative form of dynamin had little effect. In contrast, we found that transfection of human neuronal cells with dominant negative forms of dynamin reduced viral entry as measured by the transport of VP26 to the nucleus (Fig. 2) . The differences between the observations of the current study and those of the previous studies likely reflect the different species, cell types, and/or viral strains.
While the studies confirm prior work indicating a role for dynamin in HSV entry, the novel observation is that dynasore exhibited potent inhibitory effects when added at later time points (4 to 8 h p.i.) (Fig. 4 to 8 ) and impeded the transport of capsid proteins from the nucleus to the cytoplasm, resulting in a decrease in the number of capsids. The postentry effects were specific for dy- After unbound virus was washed off, the cells were overlaid with either a control medium containing 0.25% DMSO or a medium containing 80 M dynasore. At 16 h p.i., cells were fixed and were prepared for electron microscopy. Representative images from control (magnification, ϫ10,000) (A and B) and dynasoretreated (magnification, ϫ20,000) (C and D) cells from two independent experiments are shown. Bars, 500 nm. (E) SK-N-SH cells were infected at an MOI of 10 PFU/cell, and 6 h p.i., dynasore or 0.25% DMSO in serum-free medium was added. The cells were harvested 18 h p.i.; cytoplasmic and nuclear fractions were prepared; and capsids were purified on 20-to 50% (wt/vol) sucrose gradients. The capsids were analyzed by Western blotting and were probed with an antibody to VP5. namin; inhibition of other GTPases, either by adding ML141, an allosteric inhibitor of Cdc42 GTPase, or by transfecting cells with a dominant negative form of Rac1, had no effect. The latter findings are consistent with an earlier study showing that HSV-1 infection of keratinocytes was independent of pathways involving Rac1 and Cdc42 (38) .
Following their synthesis, the capsid proteins localize in the infected-cell nucleus, where capsid assembly occurs. VP5, the major capsid protein, was detected in the nucleus at similar levels in dynasore-treated and control cells when dynasore was added 4 to 8 h postinfection (Fig. 6C and 8 ), but not in the cytoplasm. These findings suggest that dynasore does not impede the nuclear localization of newly synthesized proteins but rather blocks the transport of the proteins out of the nucleus. Proximity ligation studies demonstrated that VP5 interacts with dynamin ( Fig. 7) but is retained in the nucleus in dynasore-treated cells. In agreement with the findings of reduced cytoplasmic VP5 levels, few cytoplasmic or cell surface capsids were detected by electron microscopy when dynasore was added postentry (Fig. 8) . The latter observations suggest a defect in capsid assembly and/or a breakdown of nucleus-associated capsids if they are unable to leave the nucleus when dynasore is present.
FIG 9
Dynasore prevents cell-to-cell spread. (A) Primary human neuronal cells were infected with HSV-1(KVP26GFP) (10 PFU/cell) for 1 h at 37°C. Then unbound virus was washed off, and cells were trypsinized and cocultured on a layer of untreated CaSki cells (ϳ 90% confluence) on glass coverslips at a ratio of ϳ1:4 or 1:10 (infected neuronal cells to uninfected CaSki cells). At 5 h postinfection, dynasore (80 M in 0.25% DMSO) or a control medium (0.25% DMSO) was added to these cocultures. At 18 h p.i., cells were fixed with 4% paraformaldehyde and were stained with a primary anti-GFAP antibody (red); nuclei were stained with DAPI (blue). Images are representative of 3 independent experiments. 1990, 199V medium supplemented with 0.2% pooled human immunoglobulin (Sigma). (B) One-step growth of HSV-2 was quantified by infecting SK-N-SH cells with an MOI of 5 PFU/cell and adding dynasore or a control buffer to the overlay medium. The culture supernatants were harvested at the indicated times and were diluted 1:10 to decrease any residual dynasore to noninhibitory levels of Յ8 M. Viral growth was quantified by determining titers on Vero cells. (C) To assess multistep growth, SK-N-SH cells were infected with an MOI of 0.02 PFU/cell, and dynasore or a control buffer was added to the overlay medium 6 h p.i. Culture supernatants were harvested at the indicated times, and titers were determined on Vero cells as for the single-step growth curve. Data shown are from two experiments conducted in duplicate; growth curves are significantly different (P Ͻ 0.001) by two-way analysis of variance.
Only one other study, with vesicular stomatitis virus (VSV), has examined a role for dynamin (and dynasore) post-viral entry. The authors found that the matrix protein of VSV interacted directly with dynamin in coimmunoprecipitation studies and that the addition of dynasore postentry reduced the number of infectious progeny. A similar phenotype was observed when cells were infected with a recombinant virus expressing a mutated form of the matrix protein that did not interact with dynamin; electron microscopy revealed few of the mutant viral particles in the extracellular space, and the G protein was confined to perinuclear vesicles (39) .
Together, these studies identify a role for dynamin not only in viral entry but also in the transport of viral proteins and capsids out of the nucleus, thus identifying another cellular pathway usurped by viruses to promote infection. These findings suggest that identifying molecules that specifically block the interactions between dynamin and viral capsid proteins could provide a new target for antiviral therapy.
